stitial damage scores, collagen IV expression, mean glomerular volume as well as tubulointerstitial proliferation and apoptosis were significantly lower after BZ treatment. Glomerular ultrastructure and in particular podocyte damage and loss were prevented by BZ treatment. Conclusions: BZ effectively prevents the development of nephritis in the NZB/W F1 mouse model. Specific protection of podocyte ultrastructure may critically contribute to renoprotection by BZ, which may also represent a potential new treatment option in human lupus nephritis.
Introduction
Systemic lupus erythematosus (SLE) represents a prototypic systemic autoimmune disease affecting multiple organs, particularly the kidney [1, 2] . The treatment of renal disease in SLE remains a serious clinical challenge, in particular in adolescent or young patients. Despite aggressive treatments including high-dose glucocorticoid e48 and cyclophosphamide or mycophenolate mofetil, remissions are frequently of short duration or sometimes cannot be achieved at all. Recently, new treatment options for SLE patients with refractory renal disease have been suggested, i.e. anti-CD20 antibodies, immunoadsorption, and high-dose chemotherapy with autologous stem cell transplantation. However, these treatments are accompanied by serious side effects, high treatment costs or not yet established efficacy.
In SLE patients as well as NZB/W F1 lupus mice [3] [4] [5] [6] , IgG autoantibodies against double-stranded (ds) DNA, nucleosomes, phospholipids, blood cells and other targets are crucially involved in the pathogenesis of renal lesions and hematological manifestations. In up to 60% of patients lupus nephritis is the first organ manifestation of SLE. In NZB/W F1 lupus mice renal disease usually starts at the age of 5-7 months with proteinuria and thereafter progresses leading to death of the animals at a mean age of 8-9 months [6] [7] [8] .
Whereas the above-mentioned current treatments efficiently attack B lymphocytes, plasmablasts and shortlived plasma cells, long-lived plasma cells are resistant [4] . There is evidence that a substantial number of long-lived plasma cells can survive even autologous and allogeneic stem cell transplantations [9, 10] .
The selective inhibitor of the 26S proteasome bortezomib (BZ) is approved for the treatment of relapsed multiple myeloma [11, 12] . The proteasome is a multienzymatic protein complex that is indispensable in cell homeostasis. Its functions include degradation of un-or misfolded proteins, control of cell cycle, regulation of gene expression and activation of NF-B. Consequently, mechanisms of BZ action include inhibition of NF-B, modulation of the tumor microenvironment, cytokine expression and stroma cell interactions [13] [14] [15] . In addition, we and others recently demonstrated that proteasome inhibition induces cell death due to activation of the terminal unfolded protein response (UPR), especially in cells with high immunoglobulin synthesis [13, 16] . Therefore, BZ is also a new treatment option in autoimmune disease when pathogenicity is mediated by antibodies.
In a previous study, we described a remarkable systemic and also renoprotective effect of BZ in the NZB/W F1 model of SLE focusing on the basic immunological mechanisms. We could show that BZ eliminates both short-and long-lived plasma cells by activation of the UPR. In addition, treatment with BZ-depleted plasma cells produced antibodies to dsDNA and prolonged the survival of two mouse strains with lupus-like disease, NZB/W F1 and MRL/lpr mice [17] .
Since morphometric analyses and potential kidneyspecific effects contributing to the renoprotection by BZ were not addressed in the previous study, we here performed detailed morphological analyses including electron microscopy as well as measurements of kidney function. In the present study, we show that BZ treatment in experimental lupus nephritis ameliorate kidney function by preserving glomerular and tubulointerstitial architecture including prevention of podocyte damage.
Materials and Methods
Animal Model NZB/W F1 female mice and BALB/c mice were purchased from Jackson Laboratories and Harlan Winkelmann and maintained in the animal facilities of the Fiebiger Center for Molecular Medicine. NZB/W F1 mice spontaneously develop a disease closely resembling human SLE [6] , in particular the mice develop proliferative nephritis which is very similar to human proliferative lupus nephritis (WHO IV, ISN/RPS IV).
To investigate the therapeutic effect of BZ in an autoantibodymediated disease we treated NZB/W F1 mice twice weekly (0.75 mg/kg body weight BZ i.v., Janssen-Cilag, Germany) for a period of 10 and 8.5 months. In the first group, BZ treatment was started before the onset of proteinuria at the age of 18 weeks (n = 10). The second group was treated with PBS at the age of 18 weeks followed by BZ treatment at the age of 24 weeks when proteinuria was detectable in NZB/W F1 mice (n = 10). The control group (n = 10) was i.v. injected with PBS beginning at the age of 18 weeks ( fig. 1 ) [17] . According to governmental regulations of animal protection, severely diseased, premortal animals as judged by institutional criteria including behavior, posture, piloerection, breathing, exophthalmus and reflexes were euthanized. Only 2 PBS-treated NZB/W F1 mice were found dead in the cage and had to be excluded from morphological analysis.
Biochemistry
Serum and Urine Parameters Development and progression of kidney disease in NZB/W F1 mice was assessed monthly from the age of 7 months onwards by placing the mice individually in metabolic cages for 24 h. Proteinuria as parameter for renal injury was analyzed by semiquantitative colorimetric measurement using Albustix (Bayer) and quantitative measurement using a pyrogallol-red/molybdate photometric assay was only performed at weeks 30, 34 and 38 when 90% of the PBS-treated NZB/W F1 mice were still alive. Mice with proteinuria 6 200 mg/dl in repeated analyses were regarded as proteinuria positive. At the end of the experiment blood was taken and analyzed for serum urea using an enzymatic approach (Roche Integra 800 and appropriate system reagents).
ELISA Assays
The concentrations of IgG antibodies in the sera were determined by a sandwich ELISA. Nunc-Immuno 96 well Maxisorp ELISA plates were coated with 1 g/ml goat anti-mouse IgG (Southern Biotechnologies) overnight at 4 ° C. After blocking the plates with 2% FCS in PBS, diluted serum samples were added in triplicates. Bound IgG was detected with horseradish peroxidaseconjugated goat anti-mouse IgG (Southern Biotech, USA). The IgG concentrations were calculated from a standard curve obtained using purified mouse IgG (Jackson Immuno Research).
Antibodies to dsDNA were quantified as previously described [18] . Briefly, ELISA plates were precoated with 20 g/ml poly-Llysine (Sigma) overnight at 4 ° C, followed by incubation with 20 g/ml of calf thymus DNA (Sigma) overnight at 4 ° C. After blocking with 2% FCS in PBS, sera were diluted 1: 200 in blocking buffer and incubated for 2 h at ambient temperature. Bound IgG was detected with horseradish peroxidase-conjugated goat antimouse IgG (Southern Biotech).
Morphologic Evaluation
For histological analyses, kidneys were carefully harvested, total organ weight was determined and kidneys were fixed in paraformaldehyde. Kidneys were then dissected in 1-mm-thick slices perpendicular to the longitudinal axis. Tissue sampling for morphometric and stereological analysis was performed using the area weighted sampling technique as described [19] . The kidney slices were embedded in paraffin; 2-m-thick paraffin sections as well as 1-m-thick semithin sections (5 blocks per animal) were cut and stained with hematoxylin-eosin, periodic acid Schiff (PAS), Sirius red (fibrous tissue stain) or methylene blue (semithin sections). Renal morphology was investigated by light microscopy (various magnifications) as described below with the investigator being blinded to the treatment groups. For qualitative electron microscopy several ultrathin sections (0.08 m) per animal were prepared and stained with uranyl acetate/lead citrate.
The degree of mesangial matrix expansion and glomerular sclerosis (glomerulosclerosis index, GSI) was determined on PASstained paraffin sections adopting the semiquantitative scoring systems proposed by el Nahas et al. [20] and Goumenos et al. [21] . Using light microscopy at a magnification of ! 400, the glomerular score of each animal was derived as the mean of 100 randomly sampled glomeruli. The severity of glomerulosclerosis was expressed on an arbitrary scale from 0 to 4. The glomerular score for individual glomeruli was: grade 0, normal glomerulus; grade 1, presence of mesangial expansion/thickening of the basement membrane; grade 2, mild/moderate segmental hyalinosis/sclerosis involving less than 50% of the glomerular tuft; grade 3, diffuse glomerular hyalinosis/sclerosis involving more than 50% of the tuft, and grade 4, diffuse glomerulosclerosis with total tuft obliteration and collapse [22] .
Mesangiolysis is associated with loss of mesangial cells, capillary dilatation and finally formation of capillary aneurysms. Mesangiolysis was assessed in PAS-stained paraffin sections and graded in 100 systematically subsampled glomeruli per animal using the following scoring system (MSI): score 0, no changes of capillaries; score 1, capillary dilatation ! 25% of glomerular tuft area; score 2, capillary dilatation 1 25% of glomerular tuft area or capillary aneurysm ! 50% of glomerular tuft area; score 3, capillary aneurysm comprising 50-75% of glomerular tuft area, and score 4, capillary aneurysm comprising 1 75% of glomerular tuft area. The resulting index in each animal was expressed as a mean of all scores obtained.
Tubulointerstitial damage, i.e. tubular atrophy, tubular dilatation, interstitial fibrosis and interstitial inflammation, was assessed on PAS-stained paraffin sections at a magnification of ! 100 using a semiquantitative scoring system (tubulointerstitial lesion score, TSI). For determination of TSI, 10 fields per kidney were randomly sampled and graded as follows: grade 0, no change; grade 1, lesions involving less than 25% of the area; grade 2, lesions affecting 25-50%; grade 3, lesions involving more than 50%, and grade 4 involving (almost) the entire area.
Vascular lesions (VSI) in each kidney were attributed grades of severity from 0 to 4 in 10 fields at ! 200 magnification. These grades were based on both the severity of vascular wall thickening and the extent of fibrinoid necrosis in afferent arterioles, interlobular arterioles and small arteries. Grade 0 denoted a normal vessel; grade 1 a mild vascular wall thickening; grade 2 a moderate thickening; grade 3 a severe thickening (onion skin pattern), and grade 4, fibrinoid necrosis. The vascular lesion score was obtained using the same procedure as described above.
For determination of pathological changes typical for lupus nephritis we used the Index for Chronicity and Activity according to Austin et al. [23] . For the activity index endocapillaries hypercellularity, leukocyte infiltration, subendothelial hyaline deposits, fibrinoid necrosis, cellular crescents and interstitial inflammation were assessed. For the chronicity index glomerular sclerosis, fibrous crescents, tubular atrophy and interstitial fibrosis were assessed according to Austin et al. [23] .
Immunohistochemistry
Immunohistochemical analyses of paraffin-embedded kidney sections were performed as previously described [19] using the following antibodies: PCNA (1: 500, DAKO Diagnostika, Hamburg, Germany); MECA 32 (1: 5, supernatant from hybridoma); F4-80 (1: 100, Serotec); p27 (1: 400, Santa Cruz, USA); WT-1 (1: 400, Santa Cruz), nephrin (1: 100, Acris, USA); collagen IV (1: 100, Southern Biotech); NF-Bp65 (1: 100, Santa Cruz); IgG (1: 1,000, Vector, USA) and activated (cleaved) caspase-3 (1: 100, e50 Chemicon International Inc., USA). Staining localization and intensity of WT-1, nephrin, NF-Bp65 and IgG were qualitatively analyzed on paraffin sections using a scoring system from 0 to 4. The numbers of p27, activated (cleaved) caspase-3 and PCNApositive cells per glomerulus, tubuli and interstitial area were counted. Collagen IV expression was analyzed per glomerular and tubulointerstitial area using a semiautomatic image analysis system (Analysis, SIS, Münster, Germany).
Analysis of Glomerular Cells and Capillaries Using Semithin Sections
Glomerular cell number and volume as well as volume density of mesangial matrix were analyzed in semithin sections with a 100-point eyepiece for point counting at a magnification of ! 1,000 (oil immersion) as previously described [19] . Glomerular cell numbers (podocytes, mesangial cells, and endothelial cells) were calculated in at least 30 glomeruli for each animal, from cell density per volume (Nc V ) and volume density of the respective cell type (Vc V ) according to the formula Nc V = / ␤ ! Nc A 1.5 /Vc V 0.5 , with = 1 and ␤ = 1.5 for podocytes and ␤ = 1.4 for mesangial and endothelial cells [19] . The respective cell volumes were calculated according to the equation V c = Vc V ! V glom . The length density (L V ) of glomerular capillaries, i.e. the length of all capillaries per volume of the glomerular tuft, was analyzed as a 3-dimensional parameter of glomerular capillarization according to the standard stereological formula L V = 2 Q A , with Q A being the number of capillary transects per area of the glomerular tuft [19] .
All morphological analyses were done in a blinded fashion, i.e. the investigator was unaware of which group the animal belonged to.
Statistical Analysis
Data in tables are presented as mean 8 SD and graphs showing box plots with mean, 25th to 75th percentile and whiskers with minimum and maximum. For statistical analysis of differences between the treatment groups the Kruskal-Wallis H test for non-normally distributed variables and Dunn's multiple comparison test as a posthoc test was used. A p value ! 0.05 was considered statistically significant. Survival of mice is shown in a Kaplan-Meyer graph using the log-rank Mantel-Cox test for comparison.
Data analysis was performed using the GraphPad Prism (GraphPad Software Inc., La Jolla, Calif., USA).
Results

BZ Lowers Anti-dsDNA Antibodies and Improves Parameters of Renal Function
As expected, most PBS-treated NZB/W F1 mice developed high amounts of anti-dsDNA antibodies at the age of 6 months which remained high during their lifetime ( table 1 ) . In all BZ-treated mice anti-dsDNA antibody titers either remained within the range or decreased to the range of nonautoimmune mice (data not shown). By the age of 15 months only 1 out of 10 PBS-treated NZB/W F1 mice was alive, whereas all 20 BZ-treated mice survived ( fig. 1 ) . Remarkably, all BZ-treated mice remained healthy without obvious signs of disease or toxicity as shown previously [17] . Of note, there was no difference in body weight or in the kidney/body weight ratio between all 3 groups ( table 1 ) .
Serum creatinine and urea as systemic markers of renal function were significantly lower in both BZ-treated groups ( fig. 2 b, c) . When we examined the course of renal disease in NZB/W F1 mice by monthly assessment of proteinuria we found that none of the BZ-treated mice developed marked proteinuria. In contrast, at 34 weeks of age PBS-treated NZB/W F1 mice had developed proteinuria which rose to six times higher in mean at week 38 compared to BZ-treated mice ( fig. 2 a) .
BZ-Treatment Markedly Improves Renal Pathology of NZB/W F1 Mice
Pathological changes in PBS-treated mice, as shown by PAS staining, were ameliorated in BZ-treated mice. Segmental sclerosis and matrix expansion were strongly advanced in PBS-treated mice but were not present in BZtreated mice ( fig. 3 a, b) .
Renal pathology revealed severe glomerular ( fig. 4 a) and mild to moderate tubulointerstitial damage in all 8 PBS-treated NZB/W F1 mice including the mouse surviving 15 months (in 2 mice necropsy was not possible) ( fig. 4 d) . In contrast, kidneys of all BZ-treated mice showed either no pathology or just subtle signs of glomerular damage without evidence of tubulointerstitial and vascular changes ( fig. 4 a-d ).
Glomerular cell proliferation is typically increased in active lupus nephritis, as shown in the PBS-treated NZB/W F1 group. Mean glomerular volume and mean cell number per glomerulus were significantly lower in both BZ-treated groups as compared to PBS-treated NZB/W F1 mice ( table 2 ). To investigate glomerular p27 accumulation, as a potential mechanism for regulation of cell proliferation, kidneys were stained for cyclin-dependent kinase inhibitor p27. At the time point of analysis, when proliferative activity within the glomeruli was low, we found no evidence that glomerular p27 levels were altered by BZ treatment ( fig. 7 d) . In agreement with this finding, glomerular cell proliferation (assessed as PCNA+ cells per glomerulus) was low and not different between the groups ( fig. 5 a) . In contrast, tubular as well as interstitial cell proliferation was significantly lower in both BZ-treated groups than in PBS-treated NZB/W F1 mice ( fig. 5 b, c) . The numbers of apoptotic cells as assessed by activated caspase-3 staining were significantly higher in glomeruli of both BZ-treated groups compared to PBS- 5 d) , whereas in the tubuli and interstitium the numbers were significantly lower ( fig. 5 e, f) . Interestingly, these data indicate a specific effect of BZ on glomerular, but not on tubular or interstitial cell apoptosis and proliferation. Matrix accumulation, as assessed by staining for collagen IV expression, was markedly reduced in the glomerular and interstitial compartments by BZ treatment ( fig. 6 a, b) . Representative microphotographs show massive collagen IV accumulation in the PBS-treated NZB/W F1 mice ( fig. 6 c) but only basal expression in BZ-treated mice ( fig. 6 d) . Of note, peritubular capillarization as assessed by MECA-positive vessels per medullar and cortical area was not significantly different between the 3 groups ( table 2 ) . Using WT-1, synaptopodin and nephrin as podocytespecific markers, we investigated specific effects of BZ on podocytes which are known to be involved in proteasomal function. We found a significantly higher number of WT-1 + cells as well as marked preservation of nephrin and synaptopodin expression in BZ-treated NZB/W F1 mice compared to PBS-treated NZB/W F1 animals indicating podocyte preservation and survival by BZ ( fig. 3 eh; fig. 7 a-c) . Glomerular nuclear expression of activated NF-B the activation of which depends primarily on proteasome activity, was significantly lower in BZtreated groups compared to PBS-treated NZB/W F1 mice ( fig. 3 c, d ).
Immunohistochemistry using an anti-IgG antibody revealed marked membranous and subendothelial IgGdepositions and occasional staining of glomerular capillary walls of PBS-treated animals. In contrast, no or only minimal IgG depositions in glomeruli of mice treated with BZ from 18 or 24 weeks of age (data shown previously [17] ) were seen.
Changes of glomerular cells and capillaries were investigated using semithin sections ( fig. 8 a, b) . We found significantly more mesangial matrix in parallel with lower capillary surface area and capillary volume in glomeruli of PBS-treated mice ( fig. 8 a) compared to BZtreated mice ( fig. 8 b) . In particular, length density of glomerular capillaries, i.e. the length of all capillaries per unit glomerular volume, was significantly higher (220.5 and 221.0%, respectively) in both BZ-treated groups compared to PBS-treatment.
The number of mesangial and endothelial cells per glomerulus was significantly lower and the podocyte number significantly higher in both BZ-treated groups than in PBS-treated NZB/W F1 mice ( table 2 ) . Of note, the podocyte number was even slightly higher in the early compared to the late BZ treatment group. In parallel, mean volumes of all 3 cell types were not altered (data not shown).
On electron microscopy, marked thickening of the glomerular basement membrane ( fig. 8 e, BM) together with large subendothelial osmiophilic deposits ( fig. 8 e,  OSD) , swelling of endothelial cells ( fig. 8 c, EC) , enlarged podocytes ( fig. 8 c, PC) with increased cytoplasmic vacuolization ( fig. 8 c, white asterisk) and foot process effacement ( fig. 8 c, arrows) were seen in PBS-treated NZB/W F1 mice. In addition, mesangial cell and matrix expansion could be found ( fig. 8 a) . These ultrastructural changes were completely prevented by BZ treatment regimens ( fig. 8 b, d, f) .
Discussion
In this study early and late treatment of experimental lupus nephritis in NZB/W F1 mice by the proteasome inhibitor BZ markedly improved renal pathology and survival. Since exact analysis of BZ effects on renal cells was lacking in this animal model for lupus nephritis, we performed detailed morphological and ultrastructural analyses. Our data indicate the effects of BZ treatment on renal cells, in particular on podocyte structure and function, as well as on glomerular cell apoptosis. In parallel, interstitial damage and particularly interstitial cell proliferation was significantly prevented by BZ. Elimination of anti-dsDNA antibody-secreting plasma cells by BZ treatment is an important mechanism by which BZ pro- tects the kidney in experimental SLE [17] . Our findings suggest that in addition to this systemic effect there may also be specific glomerular and tubulointerstitial targets of BZ. This is in line with in vitro findings in glomerular as well as tubular cells showing direct effects of proteasome inhibitor treatment [24, 25] . High apoptosis rates were induced by BZ in isolated mesangial cells [25] . In our study we also detected increased apoptosis rates of glomerular cells in BZ-treated NZB/W F1 mice. This may be due to high sensibility of mesangial cells to BZ. The effects of BZ on other glomerular cells like podocytes have not been reported so far. Of note, in our study BZ specifically prevented podocyte damage and loss as indicated by WT-1, nephrin and synaptopodin staining, and ultrastructural analysis. Therefore, we would like to postulate potential podocyte-specific effects of BZ in experimental lupus nephritis. Activation of UPR is regarded as the main mechanism for myeloma and plasma cell depletion by proteasome inhibition [16] . This effect, however, is dependent on the cellular synthesis rate for secretory proteins such as immunoglobulins. The UPR is important for cellular survival and homeostasis mediated by the induction of chaperons such as binding and heat shock proteins [26, 27] . However, overwhelming endoplasmic reticulum stress induces the UPR leading to activation of caspases and apoptotic cell death [28] . This mechanism was first demonstrated in myeloma cells [13, 16] and also confirmed for primary plasma cells [17] . Since the proteasome is ubiquitously involved in protein degradation it seems plausible that the glomerular filtration barrier, which is charged by a lot of filtered proteins, is also well equipped with the proteasome machinery. This idea is further substantiated since podocytes have recently been shown to express UCHL-1 [29] , an important component of the proteasome machinery. An inhibitory effect of TGF-␤ on proteasomal degradation of the cyclin-dependent kinase inhibitor p27 has also been described [30] . BZ was shown to arrest the proliferation of hepatocellular carcinoma cells by differentially affecting p21 and p27 levels [31] . In addition, BZ treatment also significantly increased p21 mRNA in an ischemia/reperfusion model [32] . The p21 and p27 proteins are important regulators of cell cycle in glomerular cells [33] and lack of p27 was shown to protect from diabetic nephropathy [34] . In our study, however, we could not detect any effect of BZ on p27 expression by immunohistochemistry. A potential effect of BZ on p27 expression in the present study cannot be definitely excluded, since proliferative activity in this SLE model was low at the time point investigated.
Another major mechanism of BZ action is the blockade of the key transcription factor NF-B which is important for the survival of many cells by inducing several antiapoptotic genes [35, 36] . In addition, NF-B plays a considerable role in the immune and inflammatory response. Since activation of NF-B is dependent primarily on proteasomal cleavage of its inhibitor proteins (I Bs), proteasome inhibition may account for the relatively low amounts of activated nuclear NF-B detectable in the BZ-treated animals. We detected relatively large amounts of activated NF-B in the nuclei of glomerular cells of untreated nephritic NZB/W F1 mice, whereas nuclear NF-B was rarely detectable in BZ-treated mice. This lower NF-B activity could be directly caused by proteasome inihibition. Upon degradation of I Bs, NF-B is released and translocated into the nucleus where it regulated genes including proinflammatory mediators like TNF-␣ , IL-1 and IL-6 as well as intercellular adhesion molecules like ICAM-1.
Activation of NF-B was shown in endothelial, mesangial cells as well as in podocytes of patients with lupus nephritis and correlated with the degree of proteinuria [37] . In addition, activation of proinflammatory proteins was found in glomerular cells [38] and NF-B activation was shown to correlate well with the activity index of lupus nephritis, ICAM-1 expression and glomerular macrophage invasion [39] . These data suggest that NF-B activation in glomerular cells by proinflammatory effects is presumably mediated by mesangial cell-macrophage interaction. There is some evidence that NF-B activation and increased cytokine expression induces activation and structural remodeling of the podocytes [40] . This may also be the case in our experimental study in which inhibition of proteasome activity, i.e. indirect blockade of the NF-B effect, can prevent structural and presumably also functional damage of the podocytes.
In addition, it has been shown that one of the most important structural proteins of the podocytes, ␣ -actinin-4, is degraded by the proteasome [41, 42] . Mutations of ␣ -actinin-4 are thought to be responsible for an inherited form of focal segmental glomerulosclerosis [43] demonstrating the particular importance of this protein. It is thus conceivable that proteasome inhibition by BZ could preserve podocyte structure by inhibiting the loss of the cytoskeleton by lower ␣ -actinin-4 degradation. This mechanism may be also be operative for other podocytespecific proteins, i.e. WT-1, nephrin and synaptopodin. The expression of all 3 proteins was remarkably reduced in untreated NZB/W F1 mice but was preserved by treatment with BZ, indicating an effect of proteasome inhibition on podocyte structure and in particular on the slit diaphragm.
Apart from changes of glomerular structure in lupus nephritis there is also evidence of an important role of tubulointerstitial lesions in particular for the progression of the disease [44] . Of note, in our study proteasome inhibition by BZ significantly prevented tubulointerstitial damage as indicated by tubular dilatation, tubular atrophy, interstitial inflammation and interstitial fibrosis. Most remarkably and in contrast to the results for glomerular cells, the increased proliferation rate of tubulointerstitial cells in untreated NZB/W F1 mice was completely prevented in both BZ-treated groups. Despite not finding any difference in the proliferative activity of glomerular cells at the end of the study, significantly lower glomerular cell numbers suggest that glomerular proliferation is also affected by BZ treatment. In addition, tubular apoptosis, as assessed by cleaved caspase-3 staining, is markedly decreased by BZ treatment. This is consistent with studies in vitro showing low apoptosis rates after BZ treatment due to the induction of survival signals in isolated tubular cells [25] . Another potential mechanism for how BZ can prevent tubular apoptosis is described in a model of cisplatin nephrotoxicity, showing the blocking of caspase activation and mitochondrial release of apoptosis-inducing factor [45] .
We have to acknowledge, however, that treatment with the proteasome inhibitor BZ also leads to systemic effects, i.e. significantly lower anti-dsDNA antibody levels during the course of the treatment which may also contribute to the amelioration of nephritis in this animal model. In addition, proteasome inhibition prevents the processing of antigenic peptides [46] , which is important in the generation of pathogenic antibodies.
However, other studies on the effects of proteasome inhibition showed either beneficial [24, 25, 45, [47] [48] [49] or adverse effects [25, 32] on the kidney or kidney cells. Therefore, treatment with BZ must be performed with great caution because renal cellular function is obviously modulated by BZ in a cell-type-specific manner and is dependent on the injury and dose of BZ.
In summary, our findings in an animal model of lupus nephritis argue for beneficial effects of proteasome inhibition on the development of diffuse proliferative nephritis. Most likely, this extensive effect is mediated by both a systemic effect of BZ on antibody production by plasma cells as well as a specific renal effect on podocytes and tubulointerstitial cells. The renal effects of BZ might be partly mediated by NF-B inhibition and partly by interference with other proteasome-dependent pathomechanisms acting in podocytes. The results of the present ex-e57 perimental study may also indicate new treatment options for patients with progressive lupus nephritis which are resistant to conventional immunosuppressive therapy.
If our hypothesis that BZ prevents deterioration of glomerular structures in immune-mediated renal disease holds true, proteasome inhibition could very well open new therapeutic avenues for several forms of inflammatory kidney disease and clinical trials should be initiated.
